INTRODUCTION
There is worldwide concern over the potentially damaging effects of chemicals in the environment on the health of humans, animals, and ecosystems (e.g., Nriagu, 1988; Plant et al., 2001 Plant et al., , 2003 Plant et al., , 2005 Skinner and Berger, 2003; Hester and Harrison, 2006; CDC, 2009; Lerner, 2012) . Economic development and population growth are exacerbating such problems as land degradation and pollution from uncontrolled urbanization, industrialization, deforestation, intensive agricultural practices, and overexploitation of aquifers. These human activities, together with natural processes (e.g., weathering, erosion, flooding, volcanic eruptions) are having an impact on the geochemistry of the Earth's land surface and the sustainability of its life-support systems from the local to the global scale. There is also concern about the need to meet worldwide future demands for mineral and energy resources. This requires the discovery of new resources and their development in an environmentally responsible manner (Nickless et al., 2015; Ali et al., 2017) .
Defining and understanding the current abundance and spatial distribution of chemicals in the Earth's surface or near-surface environmental compartments such as soil, sediment, surface and ground water, and vegetation, the so-called 'critical zone' (Brantley et al., 2007) , are essential first steps in being able to recognize, quantify, and ultimately address natural or human-induced changes in the future. Dr. Mary Lou Zoback, former President of the Geological Society of America, stated the issue eloquently: (Zoback, 2001, p. 41) .
'Documenting and understanding natural variability is a vexing topic in almost every environmental problem: How do we recognize and understand changes in natural systems if we don't understand the range of baseline levels?'
Systematic geochemical mapping is the best method available to assess and provide a baseline for monitoring changes in the levels of chemical elements at the Earth's surface (e.g., Reimann and Caritat, 2005) . Geochemical maps have traditionally been valuable in addressing a range of environmental problems at the local to national scale, as well as for identifying potential mineral resources (e.g., Reimann and Caritat, 2005; Reimann et al., 2007; van Gaans et al., 2007; Rapant et al., 2008; Birke et al., 2016) . Several decades of geochemical mapping by national geological surveys and related organizations throughout the world have resulted in a wealth of valuable information (Garrett et al., 2008) . However, these data do not provide global coverage and cannot readily be applied to broader-scale regional or global studies because they have been generated by different sampling, sample preparation, and analytical methods. Part of the reason for this inconsistency is that there are no internationally accepted standards for geochemical surveys. To be useful and authoritative, particularly at the global scale, geochemical baselines must be derived from data generated according to well-defined protocols that are applicable across a wide range of geomorphic landscapes, climatic zones, and ecological regions. It is possible that such incompatible data could be more effectively used if normalized to a reference dataset; that is, data generated from a worldwide suite of geochemical samples collected, prepared, and analyzed using a universally consistent set of protocols (Salminen, Tarvainen et al., 1998) .
Establishing a global-scale geochemical database covering the entire land surface of the Earth and based on consistent, standardized sampling, sample preparation, analytical methods, and quality control protocols has been a muchdiscussed topic among applied geochemists since at least the 1980s. The purpose of this paper is to (1) summarize the history and evolution of the global-scale geochemical baselines effort, (2) provide information about ongoing activities that make obtaining a global-scale geochemical database more likely than ever before, and (3) show examples of geochemical and mineralogical maps produced from low-sampling-density, global-scale mapping projects that illustrate the broad-scale processes that cause the observed map patterns.
WHAT DO WE MEAN BY GLOBAL-SCALE GEOCHEMICAL MAPPING?
It is important in this discussion to first establish exactly what is meant by global-scale geochemical mapping. Global-scale, or continental-scale, geochemical surveys cover millions of square kilometers of the Earth's land surface generally at a very low sample density (1 site per 1000 to 10,000 km 2 ). Although globalscale geochemistry can be conducted at high densities (e.g., 1 site per km 2 ), much lower densities are normally required to control the costs of mapping such huge areas. In this paper, the term 'global-scale geochemistry' refers to such low-sampling-density geochemical mapping programs covering huge areas of the Earth's land surface.
HISTORY AND EVOLUTION OF GLOBAL-SCALE GEOCHEMICAL MAPPING

1965-1984: THE FIRST CONTINENTAL-SCALE GEOCHEMICAL MAPPING PROJECTS
The first continental-scale geochemical mapping project was conducted by the U.S. Geological Survey (USGS) under the leadership of Hansford T. Shacklette. From the mid-1960s through the early 1980s, Shacklette and colleagues collected samples of soil and other regolith material from 1323 sites in the conterminous United States of America representing a sample density of approximately 1 site per 6000 km 2 . The samples were analyzed for 50 elements by a variety of methods, all of which provided total elemental concentrations. However, 30 of the elements were determined by a method that only gave semi-quantitative results (Smith et al., 2013a) . The raw data from the study were published by Boerngen and Shacklette (1981) ; an interpretive report, including statistical summary tables and black-and-white point-symbol geochemical maps, was published by Shacklette and Boerngen (1984) . In 2001, more modern mapping methods using a 'Bootstrap' estimate of the moving weighted median were utilized to produce new, full-color, geochemical maps for 22 elements (Gustavsson et al., 2001 ). The first multi-national continental-scale geochemical project utilizing multiple sample media was the Nordkalott Project (Geochemical Survey of Northern Fennoscandia), conducted north of the 66 th parallel by the Geological Surveys of Norway, Sweden, Greenland, and Finland. The project started in 1980 and was completed in 1986 (Bølviken et al., 1986) , with the collection and multi-element analysis of till, stream sediment, stream organic matter, and stream moss samples.
1984: INITIATION OF THE CONCEPT OF A WORLD GEOCHEMICAL MAP
The concept of a world radiometric geochemical map was conceived at a 1984 workshop organized in Sweden by the International Atomic Energy Agency (IAEA). Most of the discussion was focused on mapping the naturally occurring radioactive elements (K, U, and Th) because these elements fall under the mandate of the IAEA. However, the advocates of such a global project recognized the need for geochemical surveys that include a much more comprehensive set of elements.
1986-1993: PROPOSAL AND PILOT STUDY FOR THE CONTINENTAL-SCALE GEOCHEMICAL MAPPING OF EUROPE
A pivotal event that catalyzed interest in global-scale geochemistry was the Chernobyl accident in Ukraine on 26 April 1986. The accident resulted in large quantities of radioactive substances being released into the atmosphere for about 10 days. Most of the released material was deposited nearby as dust and debris, but the lighter material was carried by wind over Ukraine, Belarus, Russia, and to some extent over Scandinavia and Europe. Applied geochemists and other scientists quickly recognized that no harmonized, world-wide geochemical baseline data existed to assess the impact of such humancaused accidents that affect a whole continent or, possibly, the entire globe.
This missing and vital information was discussed on 21-22 May 1986 (Bølviken et al., 1986) and the first regional overbank sediment survey of Norway were presented and discussed. The outcome of the meeting was the submission of a proposal to the WEGS Directors for the multi-media sampling of surface water, ground water, topsoil, subsoil (C horizon), and overbank sediment throughout the WEGS countries. In 1988, a two-year pilot project was approved to test the sampling methodology and, especially, the use of overbank (or floodplain) sediment as a harmonized sampling medium applicable to different morphoclimatic environments (Ottesen et al., 1989) . The Pilot Project Report (Demetriades et al., 1990) , and Project Proposal were submitted to the WEGS Directors in 1990. In 1993, the final report and a project proposal were submitted to the Directors of FOREGS (Bølviken et al., 1993 (Bølviken et al., , 1996 . The proposal was for the geochemical mapping of Europe by sampling top and bottom overbank sediment and stream sediment from catchments with an area between 60 and 600 km 2 at an average sampling density of 1 site per 500 km 2 .
1987-1992: INTERNATIONAL GEOCHEMICAL MAPPING PROJECT (IGCP 259)
The Chernobyl accident generated interest in the applied geochemistry community for the compilation of a global radiometric map. This was discussed at the inaugural meeting of the WEGS Working Group on Regional Geochemical Mapping in 1986, and the group considered a joint proposal for an 'International Geochemical Mapping' project 
1993-1997: GLOBAL GEOCHEMICAL BASELINES PROJECT (IGCP 360)
From 1993 to 1997, IGCP 259 continued under IGCP as Project 360, Global Geochemical Baselines (Darnley, 1995 (Darnley, , 1997 Smith et al., 2012) , with Arthur G. Darley continuing as leader. The project's final report, A global geochemical database for environmental and resource management , was published by the Earth Sciences Division of UNESCO with financial support from IUGS, IAGC, AAG, IAEA, and the Royal Society. This report, known in the geochemical mapping community as the Blue Book because of the color of its cover, contains a wealth of information about geochemical mapping at all scales and was so popular that a second printing was required in 1996.
To begin global geochemical mapping, the report proposed that various sampling media (stream sediment, soil, humus, overbank sediments, surface water) be collected worldwide based on a global geochemical reference network (GRN), which covers the Earth's land surface with about 5000 grid cells of approximately 160 x 160 km in size (Fig. 1) . The GRN has its origin on the equator at the Greenwich meridian. Grid cells of the GRN are defined by two parallels of latitude 1.5 o apart and by meridians spaced in successive latitudinal bands to maintain a constant area of 25,600 km 2 (Darnley, 1997) . The ensuing database and samples would serve several purposes:
• provide data from which a global-scale geochemical atlas may be prepared; • provide an archive of samples for use by future researchers; • provide documentation of the composition of a variety of surficial materials at locations with a relatively uniform spatial distribution over the land surface of the Earth;
• provide a supply of locally relevant standard reference materials for use in more detailed geochemical surveys in the region of origin; • provide reference points for normalizing national-scale geochemical databases; and • provide sites for recurrent monitoring in the future to facilitate the recognition and quantification of change caused by natural processes or anthropogenic activities. The Darnley et al. (1995) report outlined several basic requirements that should be followed for establishing a global geochemical database of long-term value:
• commonly available representative sample media, collected in a standardized manner; • continuity of data across different landscape types; • adequate quantities of the sample media for future reference and research requirements; • analytical data for all elements of environmental or economic significance; • the lowest possible detection limits for all elements; and • strict quality control at every stage of the process. In 1996, the United Nations Committee on Natural Resources, in its Resolution 3/5, recognized the Blue Book as 'a comprehensive blueprint' for an effort to establish the natural chemical variability of the land surface as part of a proposed global land monitoring program and officially endorsed the establishment of a global geochemical database. Unfortunately for globalscale geochemical mapping, the Committee on Natural Resources was merged with two other committees in 1998 and priorities shifted to water and energy resources. Darnley et al. (1995, p.87) anticipated in their report that the progress at the international scale would be slow and they proposed the need for a permanent organization to coordinate the work: Geophysical and Geochemical Exploration, China) tested the feasibility of floodplain sediment for global-scale geochemical mapping by using China as the pilot survey area (Xie and Cheng, 1997) . This was the EGMON (Environmental Geochemical Monitoring Network) project. During 1994 During -1996 and bottom (80-120 cm) floodplain sediment samples were taken from 529 sites throughout China representing a density of approximately 1 site per 18,000 km 2 . The similarity of geochemical maps produced from this ultra-low-density study with those produced from data collected at a much higher density was noted by Yao et al. (2014) among others.
1997: ESTABLISHMENT OF IUGS/IAGC TASK GROUP ON GLOBAL GEOCHEMICAL BASELINES
Following completion of the two IGCP projects, IUGS, in collaboration with IAGC, established the Task Group on Global Geochemical Baselines (Reeder, 2007; Reeder et al., 2002; Smith et al., 2012 Smith et al., , 2017 under the leadership of David B. Smith (USA, 1997 (USA, -2016 , Jane Plant (UK, 1997 , and Xueqiu Wang (China, 2008 (China, -2016 . The Task Group's main objective for this third phase was to encourage and facilitate the population of the GRN worldwide through application of the sampling, sample preparation, analytical and data management protocols established in the earlier phases of the project. Because the Task Group was not a funding organization, its activities were limited to:
• developing partnerships with countries conducting broad-scale geochemical mapping studies; • providing consultation and training in the form of workshops and short courses; • organizing periodic international symposia to foster communication among the geochemical mapping community; • developing criteria for certifying those projects that are acceptable in a global geochemical database; • acting as a repository for data collected by those projects meeting the standards for harmonization; • preparing complete metadata for the certified projects; and • preparing, ultimately, a global geochemical database.
1997-2006: FOREGS GEOCHEMICAL BASELINE MAPPING PROJECT
Directly after the publication in 1995 of the IGCP 259 final report and the recommendations of the FOREGS Geochemistry Task Group (Plant et al., 1996) , the Directors of FOREGS approved the first multinational continental-scale geochemical mapping of Europe, according to IGCP 259 specifications. The project, under the chairmanship of Reijo Salminen (Geological Survey of Finland), started in June 1997 with the development of sampling methods and writing of a field sampling manual, which was published in 1998 (Salminen, Tarvainen et al., 1998) , and ended with the publication of the two-volume Geochemical Atlas of Europe (Salminen et al., 2005; De Vos, Tarvainen et al., 2006) . Twenty-six European countries participated in the project and collected stream sediment, stream water, topsoil, subsoil, humus and floodplain sediment samples at an average sampling density of 1 site per 4600 km 2 . et al. (2013b, 2014) with additional discussion and interpretation in Woodruff et al. (2015) and Grunsky et al. (2018) . At present, the data from Mexico are not publicly available.
In the conterminous USA, soil samples were collected from 4857 sites across all physiographic provinces (≈8 million km 2 ) during 2007-2010. The sampling protocol represented a combination of depth-based and horizon-based sampling. Ideally, the following sample types were collected at each site: (1) soil from a depth of 0 to 5 cm, regardless of what horizon(s) this might represent;
(2) a composite of the soil A horizon, and (3) a deeper sample from the soil C horizon or, if the top of the C horizon was at a depth greater than 1m, a sample from a depth of approximately 80-100 cm was taken. The <2-mm fraction of each sample was ground in a ceramic mill and analyzed for a suite of 45 major and trace elements by methods that yield total or near-total elemental concentrations.
The major mineralogical components in the samples from the soil A and C horizons were determined by X-ray diffractometry using a Rietveld refinement technique. GRN cells covering India. The <0.5-mm fraction of the soil samples was analyzed for 24 major and trace elements by X-ray fluorescence spectrometry. Unfortunately, the data are not publicly available, and, to our knowledge, no interpretive products have been published.
2007-2011: NATIONAL GEOCHEMICAL SURVEY OF AUSTRALIA (NGSA)
The National Geochemical Survey of Australia (NGSA) was initiated in 2007 as a collaboration between the Federal and the State/Northern Territory geological surveys to deliver Australia's first continental-scale geochemical dataset and atlas. The chosen sampling medium was catchment outlet sediment (similar to floodplain sediment but recognizing the presence of an aeolian contribution in places) collected from two depths: 0-10 cm (top outlet sediment) and, on average, 60-80 cm (bottom outlet sediment). Thus, 2630 samples (including ≈10% field duplicates) were collected near the outlet of 1186 large catchments, covering nearly 6.2 million km 2 at an average sampling density of 1 site per 5200 km 2 . The sediment samples were air-dried and sieved to a coarse (<2 mm) and a fine (<0.075 mm) grain-size fraction, which were analyzed by several methods to yield total element concentrations (mostly by X-ray fluorescence spectrometry and inductively coupled plasmamass spectrometry), aqua regia soluble element concentrations, and Mobile Metal Ion ® extractable element concentrations. Additional properties, such as field and lab pH, electrical conductivity, soil color, and visible-near infrared reflectance spectra were also determined. A comprehensive quality control program was implemented from fieldwork planning to reporting phases of the project.
The data and several reports are freely available from http://www.ga.gov.au/ngsa (accessed 18 April 2018), and the atlas was published by Caritat and Cooper (2011) . A number of peer-reviewed journal articles have been published on the NGSA data, including a compositional data compliant principal component analysis of part of this dataset by Caritat and Grunsky (2013) , a discussion of the background variation and threshold values for 59 chemical elements in Australian surface soil (Reimann and Caritat, 2017) , a self-organizing map method integrating geological and geophysical data with the geochemical dataset (Cracknell and Caritat, 2017) , and a prospectivity analysis spanning the regional to continental scales for porphyry copper-gold systems . Caritat and Cooper (2016) recently reviewed the considerable body of research todate on the NGSA dataset.
2008-2014: CHINA GEOCHEMICAL BASELINES PROJECT
The China Geochemical Baselines Project (CGB) was formally launched in 2008 with the goal to provide high-quality concentration data and distribution maps for 76 chemical elements over the whole of China (9.6 million km 2 ) (Wang et al., 2010) . Sampling was based on 1500 CGB grid cells approximately 80 x 80 km in size (equivalent to one-quarter of a GRN cell). Sampling sites were selected from at least two large drainage basins in each CGB cell. Sampling media consisted of floodplain sediment or alluvial soil in plains and hilly landscape terrains, overbank sediment in mountainous terrains, and catchment-basin sediment or lake sediment in desert and semi-desert terrains. Top samples were generally collected from the soil A horizon at a depth of 0-25 cm, or from the surface to the bottom of the A horizon if the thickness of the A horizon was less than 25 cm. Deep samples were generally collected from a depth of more than 100 cm if the top of the soil C horizon was deeper than 100 cm or from the deepest part of C horizon if the soil horizon did not extend to a depth of 100 cm. collected from a depth of 0-20 cm and soil samples from grazing land must be collected from depth of 0-10 cm. All samples were analyzed for 52 elements following an aqua regia extraction and 41 elements by X-ray fluorescence spectrometry. The results were published in the two-volume Chemistry of Europe's Agricultural Soils (Reimann et al., 2014a,b) . Many papers based on this dataset have been published in the peer-reviewed literature. A listing of these publications is available on the GEMAS website (http://gemas.geolba.ac.at/Publications_GEMAS.h tm, accessed 20 April 2018).
2016: TWO IMPORTANT STEPS FORWARD
In 2016, two events occurred that have the potential to greatly advance the cause of globalscale geochemical mapping. In May 2016, the UNESCO International Centre for Global-Scale Geochemistry (ICGG) opened in Langfang, China. This was followed in August by IUGS elevating the status of the Task Group on Global Geochemical Baselines to that of an IUGS Commission on Global Geochemical Baselines (CGGB).
IUGS COMMISSION ON GLOBAL GEOCHEMICAL BASELINES
According to IUGS By Laws, one of the primary objectives of IUGS Commissions is to 'coordinate long-term international cooperative investigations to establish standards in appropriate fields.' Accordingly, the long-term mission of the CGGB is to work with applied geoscientists throughout the world to standardize methods for conducting global-scale geochemical baseline studies.
The new IUGS Commission is led by a fourperson steering committee. As of this writing (May 2018), the members of the Steering More information about the activities of the CGGB can be found on its website at http://www.globalgeochemicalbaselines.eu/ (acessed 20 April 2018).
UNESCO INTERNATIONAL CENTRE ON GLOBAL-SCALE GEOCHEMISTRY
Although much progress was made during the tenure of the IUGS Task Group on Global Geochemical Baselines, the authors of the Blue Book recognized that it would be virtually impossible for such an ad hoc group of scientists, working under a non-government organization, to sustain and manage an international sampling effort to establish a global geochemical database. This was the impetus for the establishment of the new Centre.
The ICGG is a 'Category 2' research centre operating under the auspices of UNESCO. Though not legally part of UNESCO, the Centre is associated with UNESCO through formal arrangements between UNESCO and the People's Republic of China. The long-term mission of the ICGG includes: (1) fostering knowledge and technology of global-scale geochemistry, (2) documenting the global concentration and distribution of chemical elements at the Earth's surface, (3) training scientists in global-scale geochemical mapping methods and providing technical assistance to developing countries, and (4) developing a bridge from the scientific community to both decision makers and the general public in the field of global-scale geochemistry.
As of this writing (May, 2018) the ICGG is led by a Director (Peng Xuanming), a Deputy Director (Hao Guojie), and an Executive Scientific Director (Xueqiu Wang). The functioning of the Centre is overseen by an international Governing Board and technical guidance is provided by a Scientific Committee comprised of geoscientists from around the world.
The ICGG has established a global cooperative network. In 2016, for example, the ICGG financially and technically supported several countries (i.e., Mongolia, Russia, Laos, Cambodia, Indonesia, Papua New Guinea, Iran, Turkey, Mexico, Peru, Madagascar, and Pakistan) to carry out global geochemical baselines mapping.
Although the missions of the ICGG and CGGB overlap considerably, there is a notable difference. The CGGB is tasked with establishing standards for global-scale geochemical baselines mapping, whereas the ICGG is tasked with implementing these standards through international collaborative agreements with participating countries. The ICGG and the CGGB work together to provide training in geochemical mapping techniques, particularly for the developing countries.
EXAMPLES OF PROCESSES REVEALED BY GLOBAL-SCALE GEOCHEMICAL MAPPING
Data generated by global-scale geochemical mapping projects produce map patterns that reflect processes acting across hundreds to thousands of km 2 (e.g., Caritat et al., 2018) . These processes may be related to factors such as climate and weathering, continental-scale glaciation, topography, regional-scale alteration and mineralization, and, in some cases, human activities. Maps produced by the USGS Soil Geochemical Landscapes of the Conterminous United States (SGL) Project will be used hereafter to provide examples of the types of patterns observed in such global-scale mapping projects and of the processes that cause the observed patterns (Fig. 2) . The sampling and analytical protocols for this project were summarized previously in this paper in the section titled Having the mineralogy to accompany the geochemical data is a major asset in the interpretation of the geochemical patterns. Maps showing predicted element and mineral concentrations were interpolated from the actual data points published in Smith et al. (2013b) by an inverse distance weighted (IDW) technique using ArcGIS software. The IDW method used predicts unique concentration values for an array of 444-km 2 grid cells covering the conterminous USA (approximately 8 million km 2 ). A weighted average of concentration values for all data points within 75 km of the center of each grid cell is calculated. The closer a sample point is to the cell being estimated, the more influence that point has in the averaging process. The relative influence of closer and more distant points can be adjusted by varying a power function. For all the maps, the default value of 2 was used, which assigns relatively high significance to the nearest data points. Details of the map generation and a complete set of geochemical and mineralogical maps are published in Smith et al. (2014) .
The interaction of climate with the minerals of the underlying soil parent material is a major controlling factor on the geochemical patterns observed in this study. Ideally, soil geochemistry will reflect underlying parent material and processes associated with the modification of those parent materials through physical and chemical weathering, the action of soil microbes, and chemical reactions in the soil profile. All these factors are functions, to some extent, of climate.
The parameter used here to represent climate is average annual precipitation (Fig. 3) . A broad, relatively uniform, gradient in average annual precipitation extends across nearly two thirds of the USA from low precipitation immediately east of the Rocky Mountains (areas 15, 17, and 18 in Fig. 2 ) to higher precipitation in the east and south-east. Annual precipitation varies by about a factor of 5 along this gradient (Fig. 3) . A second, much sharper, gradient in the north-western United States separates areas of very high rainfall along the west coast from a drier climate inland. The boundary between these two climate regimes lies along the eastern slope of the Cascade Range and the Sierra Nevada Mountains (area 22 in Fig.  2 ). Annual precipitation varies by a factor of ten between the western (wetter) and eastern (drier) flanks of these ranges. Both the broad national and the more local west coast precipitation gradients are strongly expressed in soil composition as discussed below.
One of the major changes in soil geochemistry and mineralogy across the conterminous USA is caused by the increasing weathering of feldspar minerals from west to east along the gradient of increasing precipitation from the Rocky Mountains to the Atlantic coast in the east and southeast. Figure 4 shows the distribution of total feldspar (total plagioclase + total potassium feldspar) in the soil A horizon. These feldspar minerals are susceptible to weathering in soil. With time and a sufficiently humid climate, they will break down to form the clay mineral kaolinite [Al 2 Si 2 O 5 (OH) 4 ], while releasing Na, K, and Ca, which are relatively mobile and tend to leach out of the soil profile. Total feldspar, prevalent in elevated concentrations in soils formed on igneous and metamorphic rocks in the western USA (Fig.  4) , decreases in concentration toward the east and south-east where the feldspar minerals have been destroyed by weathering and converted to clay minerals in this much wetter climate.
Figure 2
Map showing the distribution of soil sampling sites (small black dots) from the USGS Soil Geochemical Landscapes of the Conterminous United States Project. Also shown on the map are the physiographic provinces of the United States (Fenneman and Johnson, 1946) . This relationship between decreasing feldspar content with increasing precipitation is perhaps even more distinct when visualized using data from the pilot studies for the SGL Project . These pilot studies collected soil samples along two continental-scale transects (Fig. 5) . One of the transects trends west-to-east along the 38 th parallel of latitude from the Pacific coast of the USA north of San Francisco, California, to the Atlantic coast along the Virginia shore. This transect was located to cross multiple climatic, topographic, physiographic, land-use, geologic, pedologic, and ecological boundaries. Figure 6 shows a relatively linear eastward decrease in total feldspar from about 30 wt% just east of the Rocky Mountains to about 2 wt% at the Atlantic Coast, with r 2 = 0.74 for this linear trend. Figure 7 shows a corresponding linear increase (r 2 = 0.78) in average annual precipitation along this same portion of the transect.
Figure 5
Location of soil sampling sites (small black dots) along two transects from the pilot studies for the USGS Soil Geochemical Landscapes of the Conterminous United States Project. Geochemistry and mineralogy from the west-to-east transect are discussed in the text.
In the Piedmont physiographic province (area 3 in Fig. 2) , soil is developed on crystalline Precambrian and Paleozoic metamorphic and igneous rocks, mostly of granitic composition. Piedmont soil is deeply weathered and most feldspar has been altered to kaolinite (Fig. 8) . The mineral gibbsite [Al(OH) 3 ] is an end-product of intense chemical weathering in areas of high rainfall and warm temperatures (Kato, 1965; Vazquez, 1981; Huang et al., 2002) . Figure 9 shows the distribution of gibbsite in the soil A horizon as a point-symbol map. This type of map is used because gibbsite was only detected in slightly more than 2 percent of the samples analyzed. All occurrences of this mineral in the conterminous USA correlate with high kaolinite concentrations as seen by comparing Figures 8  and 9 . Gibbsite is detected in soil from the Piedmont (area 3 in Fig. 2) where intense weathering has modified kaolinite to gibbsite by loss of silica. In the north-western USA, the extreme climate variability from the coast across the Cascade Range and Sierra Nevada Mountains forms a very sharp precipitation gradient (Fig. 3) so that the gradual changes in soil mineralogy and chemistry observed in the eastern half of the United States are compressed along this much steeper gradient. These changes are expressed as lower feldspar and higher clay concentration, especially kaolinite, in the higher precipitation areas near the coast. As in the Piedmont, the intensity of weathering has been sufficient in some areas along the north-west coast to produce extremely aluminous soil marked by the appearance of gibbsite (Fig. 9) . 
Figure 9
Map showing the distribution of gibbsite in the soil A horizon, conterminous United States (from Smith et al., 2014) . Note that 4651 samples (97.4 %) had gibbsite concentrations below the detection limit of 0.2 wt%. The concentration ranges for the classes shown in the legend were determined by visual inspection of the data distribution.
This transformation of feldspar to kaolinite and then to gibbsite in soil is observed not only on the mineralogical maps, but also on the geochemical maps where the patterns portray the leaching of nearly all major and trace elements present in the feldspar structure. Prime examples are the major elements K and Na (Figs. 10 and 11 ) and the trace element Rb (Fig. 12) , which often replaces K in potassium feldspars. All three of these elements become successively depleted in soil from west to east, producing a map pattern similar to that observed for total feldspar (Fig. 4) . The area of feldspar-depleted soil, accompanied by low concentrations of K, Na, and Rb, is of generally low-to-moderate relief, so that long-term weathering under humid conditions and low erosion rates forms large areas of very mature saprolitic soil, depleted in most easily leached elements. Although the Piedmont has complex bedrock geology providing highly variable soil parent materials, the effect of this parent material's compositional variability is overprinted by the effects of intense chemical weathering.
Figure 10
Map showing the distribution of K in the soil A horizon, conterminous United States (from Smith et al., 2014) .
The importance of climate versus parent material is revealed in the mineralogy and chemistry of soil in the Piedmont and adjacent Coastal Plain (area 2 on Fig. 2 ). Soil types in both regions are developed under similar climate regimes, but with strongly contrasting parent materials. Soil in the Piedmont typically has high secondary kaolinite concentrations, whereas soil in the Coastal Plain is dominated by primary quartz (Fig. 13) .
The extremely important role played by quartz (SiO 2 ) in determining soil geochemistry must be recognized when interpreting element patterns observed on geochemical maps. Quartz in the conterminous USA varies in concentration from <0.2 to 99.4 wt% in the soil C horizon (Smith et al., 2013) and is, on average, the most abundant mineral in soil with a median concentration of 44.1 wt% in the soil C horizon. Quartz has a structure that does not allow much incorporation of trace elements and contains essentially no elements other than silicon and oxygen. The high purity of quartz means that increasing concentration of this mineral will dilute the concentration of other minerals that carry most of the elements that were determined in this study. Twenty elements from the soil C horizon (Al, Ga, Na, Sc, Fe, Mg, V, Be, Ba, Sr, Y, K, P, Co, Ca, Tl
Figure 11
Map showing the distribution of Na in the soil A horizon, conterminous United States (from Smith et al., 2014) .
Figure 12
Map showing the distribution of Rb in the soil A horizon, conterminous United States (from Smith et al., 2014) .
Figure 13
Map showing the distribution of quartz in the soil C horizon, conterminous United States (from Smith et al., 2014) .
Li, Rb, Nb, and Zn, listed in order from highest to lowest negative correlations) show significant negative correlation with quartz concentration, indicating that this inverse quartz relationship will necessarily appear as part of their distribution patterns on continental-scale geochemical maps (Woodruff et al., 2015) . The relationship can be seen by comparing the distribution of Na (Fig. 11) and Rb ( Fig. 12) with that of quartz (Fig. 13) . The observed spatial distribution of these elements is, at least in part, controlled by processes that concentrate or dilute quartz rather than processes related to the geochemical behavior of these elements themselves. Interpretation of geochemical maps, particularly those based on global-and continental-scale data, must always recognize that the cause of spatial variation in element concentration may be related to this 'quartz dilution effect' (Bern, 2009 ).
SUMMARY
The origin of global-and continental-scale geochemical mapping can be traced back to the 1980s. This type of geochemical mapping, utilizing very low-density sampling (1 site per 1000 to 10,000 km 2 ) to cover millions of square kilometers of the Earth's land surface, produces robust map patterns that are indicative of broad-scale processes that act, either currently or in the geological past, at the scale of the mapping. These processes are related to many factors including climate, weathering, geochemical and mineralogical composition of the original soil parent material, continental-scale glaciation, topography, regionalscale alteration and mineralization, and in some cases, human activity. Interpretation of geochemical maps generated from such lowsampling density data must recognize the scale of the processes that influence the observed map patterns.
The past 15 years have seen the completion of global-scale geochemical mapping projects in several parts of the world, including Australia, China, Europe, India, Mexico, and the United States of America. These surveys provide geochemical coverage for approximately 24% of the Earth's land surface. The datasets are currently being used for a wide variety of purposes including environmental regulation, exploration for mineral resources, public health, food safety, and understanding the effects of global climate change. It is hoped that those datasets that are not currently available to the public will soon become so, and that future continental-scale geochemical surveys will allow open access to their results to benefit humanity as a whole. The establishment in 2016 of the IUGS Commission on Global Geochemical Baselines and the UNESCO International Centre for Global-Scale Geochemistry is a recognition of the importance of this activity and provides hope for continued progress in mapping the geochemistry of the Earth's land surface at a global scale.
